Abstract-The existence of many high whispering galley modes in microdisk and microcylinder lasers seriously affects the internal efficiency in lasing operation and disturbs the enhancement of the spontaneous emission factor. To suppress these modes except for one lasing mode, we propose the microgear cavity having a grating with the same period as that of the mode standing wave. The finite-difference time-domain simulation theoretically demonstrates that the microgear selects one resonant mode that satisfies the unique condition regarding the mode order and the phase. This paper describes the dependence of the mode behavior on some structural parameters, and concludes that a deep grating, which seems to be possible in an experiment, allows for sufficient suppression of any types of nonlasing modes and the enhancement of the factor of the lasing mode.
I. INTRODUCTION

S
EMICONDUCTOR whispering galley (WG) mode cavities such as microdisks [1] - [6] and microcylinders [7] , [8] can be easily miniaturized to a few microns in diameter, while maintaining a high , owing to total internal reflection at boundaries. As laser diodes, they are expected to have a low threshold or exhibit thresholdless lasing caused by the strong coupling of spontaneous emission into a single lasing mode [2] . In the 1.5-m GaInAsP system, the diameter of photo-pumped and current-injected microdisk lasers have been reduced to 1.6 [3] and 2 m [4] , respectively. Room-temperature continuous-wave lasing with a threshold current of 40 A [5] and a spontaneous emission factor (coupling efficiency of spontaneous emission into a lasing mode) of 0.1 [6] have been achieved. However, these devices sometimes exhibit nonlasing modes with high s in the spontaneous emission spectrum of the active material [9] , which increase the threshold current [10] and disturb the enhancement of the spontaneous emission factor [6] . As a nonlasing mode, one may consider the orthogonally-polarized mode. However, this mode can be fully suppressed by employing strained quantum Manuscript received February 13, 2001 ; revised June 12, 2001 . This work was supported in part by the Ministry of Education, Culture, Sports, Science and Technology, under Grant-in-Aid 13305009, and also by the Japan Society for Promotion of Science under Research for the Future JSPS-RFTF 97P00103 and Research Fellowship 05045.
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wells (QWs) as the active material; the transverse magnetic polarization is suppressed by using the electron and heavy-hole transition in compressively strained QWs. As we have used compressively strained QWs in our previous experiments [2] , [4] - [6] , [8] , [11] , [12] , we limit the following discussion to the transverse electric (TE) polarization. Secondly, one will consider azimuthal and radial modes, which have different numbers of standing waves in these directions. These modes all have different resonant wavelengths with a range of several nanometers to over 10 nm. WG modes are defined as the first-order radial mode. Higher order radial modes having field maxima inside the cavity are automatically suppressed by diffraction losses, when the diameter of the cavity is reduced so as to be comparable to the lasing wavelength. Thus, only different-order azimuthal modes can be nonlasing modes to be managed. Thirdly, one should also consider infinitely degenerate WG modes, which have the same azimuthal mode order and the same resonant wavelength but different phases in the azimuthal direction. Ideally, these modes do not affect lasing characteristics, since all of them equally contribute to the lasing. However, some backscattering of such modes occurs in an imperfect cavity. This causes the coupling between the clockwise and counter-clockwise propagating waves, [13] and breaks the degeneracy between them. The broken degenerate modes still have the same azimuthal order but slightly different resonant wavelengths. Actually, we and other groups observed that some fabricated devices exhibited nonlasing modes with resonant wavelengths less than 1-nm different from that of the lasing mode [5] , [6] , [11] - [14] . In this paper, we propose and theoretically analyze the microgear cavity that supports one WG mode as the lasing mode and fully suppresses nonlasing modes with different azimuthal order and/or different phase. As illustrated in Fig. 1 , it has a grating along the periphery of a circular cavity. By making the grating period to be equal to half the lasing wavelength, degenerate clockwise and counterclockwise waves of the lasing mode are efficiently coupled with each other, and two different modes are formed, each of which has its own phase, resonant wavelength and factor. When their factors are sufficiently different, stable single-mode lasing is achieved. Regarding a grating formed in a microdisk laser, there is a report describing the directional light extraction by an asymmetric grating [15] . The purpose and the design of our grating are absolutely different. Our grating is rather similar to a conventional linear grating in a distributed feedback (DFB) laser as regards mode selection. However, there are two important differences: 1) our 0018-9197/01$10.00 © 2001 IEEE grating can enhance the factor of the lasing mode from that obtained by the ideal cavity without grating and 2) it can suppress different phase modes, which cannot be managed by the linear grating in DFB lasers.
In this paper, the influence of nonlasing modes in a microcavity is generally discussed from the rate equation analysis in the next section. Then, a microgear cavity model and the numerical calculation method are explained in Section III. The enhancement of the factor is discussed with the suppression of different order azimuthal modes in Section IV and with the suppression of different phase modes in Section V. Finally, the dependence on the grating depth is presented and the optimum design is discussed in Section VI.
II. INFLUENCE OF NONLASING MODES
For simplicity, let us consider the situation when there is one nonlasing mode (mode 2) other than the lasing mode (mode 1) in the electron transition spectrum of an active material, and assume that they have the same resonant wavelength and different factors and . As mentioned in the previous section, wavelengths for these modes are not the same but slightly different in actual devices, and this is the problem. However, once we decide in this analysis that mode 2 does not contribute to lasing, the same wavelength assumption simulates the worst case of lasing characteristics. Rate equations for the carrier density and the photon density (photon number divided by the volume of active region) of the th mode are given as The nonlinear gain interaction between modes, which occurs in semiconductors by intraband relaxation, is ignored. For this discussion, is defined as the sum of the spontaneous emission factor for these modes. The efficiency of the carriers used for the lasing mode at threshold is (3) where is the photon density calculated under the condition of pure, single-mode lasing. The threshold gain is independent of the nonlasing mode but only determined by the balance between the gain and the loss for the lasing mode. However, the existence of the nonlasing mode reduces the efficiency and changes lasing characteristics near threshold. Fig. 2 shows the efficiency calculated with for the nonlasing mode. Here, we modeled a 1.3-m-radius GaInAsP microdisk laser with compressively strained QWs of 16 nm in total thickness [11] , with the group index of the lasing mode , the gain coefficient cm , and the transparent carrier density cm , with the radiative recombination coefficient cm /s and the Auger recombination coefficient cm /s, and m. It is observed in Fig. 2 that is reduced by a larger , and the condition gives the minimum value . In addition, is reduced by a larger factor due to the nonclamped carrier density at threshold [6] . In our previous experiment, we estimated [11] . Therefore, for , which was estimated in that experiment, will be reduced to 0.7. As mentioned above, we are not taking account of the nonlinear gain interaction between modes. If we were to do so, further deterioration of the efficiency and an increase in threshold would result. Thus, the nonlasing mode will be a serious problem in microcavity lasers having a large factor.
III. CALCULATION METHOD AND MICROGEAR MODEL
For the calculation of modal characteristics in the microgear, we used the 2-D finite-difference time-domain (FDTD) method [16] . First, we assume a circular dielectric as a basic cavity. The radius is 1.32 m and the refractive index is 2.65. This index corresponds to the modal index of the TE-polarized mode in the 1.55-m-GaInAsP slab having a thickness of 200 nm and an index of 3.39. To this structure, we add pieces of a comb-like 
grating along the periphery of the cavity to simulate the microgear. Yee's cell is (15 nm) square and the time step is 0.03 fs. The analytical space is a square. Mur's second-order absorbing condition is used as the boundary condition on peripheries of the analytical space. The initial excitation is given for the magnetic field normal to the 2-D plane at four symmetric points in the cavity. The distances from the cavity center to the four points are all 1.04 m. The time function is a Gaussian pulse having its peak at a step of 5000 and a spectral broadening of 0.025 times the center angular frequency . The analytical solution of the eigenvalue equation [17] for the modal frequency is denoted . The equal amplitude of the excitation is assumed at the four points, but the phase is reversed between neighboring points. As a result, a WG mode with azimuthal mode order and a phase giving antinodes of at the four points, can be selectively excited. Also, other modes can be excited by shifting these points suitably from their symmetric positions and adjusting the phase relation. The resonant angular frequency is calculated by the fast Fourier transform of the series of at an antinode position. The factor is calculated from the ratio of the mode energy in the cavity to the time-averaged power radiated outside the cavity at a time-step of over 20 000 [16] .
When the model is the basic circular cavity, the wavelength is calculated from the frequency to be 1.547 m and at . Here, the number of the antinode in the standing wave is twice the mode order (in this case, ). For the calculation of the microgear, some fixed values are assumed for the grating depth in Sections IV and V. In Section VI, it is changed to discuss the optimum design of the grating. The number of the grating period is changed to investigate its dependence in Section IV, but is fixed to 20 in other sections. Fig. 3(a) and (b) shows the dependence of the factor and the resonant wavelength on the mode order , respectively, where . Without the grating, simply increases with an increase in due to a shortening of and the resulting lower diffraction loss. With the grating, for ( ) is slightly larger than that without the grating. This mode order satisfies the Bragg condition that the wavenumber of the grating is twice the wavenumber of the mode. Under this condition, the clockwise WG mode is coupled to the counterclockwise WG mode. This increase in factor is a very interesting phenomenon in the microgear. The reason for this will be explained in Section V. Except for this case, is much smaller than that without the grating. Furthermore, it is seen that for is smaller than that for . The reason for this can be explained such that, for , the Bragg diffracted wave couples with radiation modes outside the cavity so as to conserve the wave vector. On the other hand, 
IV. SUPPRESSION OF DIFFERENT ORDER MODES
for
, there are no waves that simply satisfy this condition, as illustrated in Fig. 3(c) . The wavelength with the grating is always longer than that without grating, since the effective orbital length is increased by the grating. Fig. 4 shows the factor at calculated with number . Only when is larger than that without the grating. This result and the difference between for and for can be explained similarly as for Fig. 3 .
V. SUPPRESSION OF DIFFERENT PHASE MODE
A DFB laser with a shallow grating buried by a semiconductor generally operates by either of two modes beside the stopband, which have the same phase near the ends of the cavity and different phases around the center of the cavity. In the microgear, there are two modes with entirely different phases. However, one of these modes can be sufficiently suppressed. This arises from large differences of the field profile and the factor between these modes, which come from the large index difference at boundaries. Fig. 5 shows examples of the field profile with and without grating. For those with the grating, the excitation points are moved so that or . In general, phases of and are shifted by , and phases of and are the same, since the former two contribute to the mode energy in the cavity and the latter two contribute to the radiated power to be the mode loss. A larger difference in the field profile between and excites a larger , and results in larger mode loss and lower . For the assumed polarization, is discontinuous at round boundaries of the cavities, and largely spreads to free space. As shown in Fig. 5(a) , of the mode, whose antinodes are located on convexeties of the grating, is largely spreading, compared with . On the other hand, as shown in Fig. 5(b) , the spreading of of the mode, whose antinodes are located on concavities of the grating, is properly suppressed. Thus, the mode excites a larger radiated power than the mode. However, and for the and modes, respectively, and such very small cannot be explained only by the above discussion. Another important point is the positions of the antinodes of for the mode; they are outside the concavities of the grating. This accelerates the radiation loss, and reduces to a value much lower than . Note that the difference between and of the mode is also smaller than that without grating. This is the reason that is larger than that without the grating. One may think that a large is also obtained by a large cavity without the grating. However, this discussion is not so attractive. For example, let us consider a slightly larger cavity with a radius m (originally 1.32 m). Even for this, determined by the diffraction loss does not change, since the resonant wavelength is almost proportional to the radius. If the radius is increased to a value 10% larger than the original one, the order of the WG mode at m is changed to and is increased. Here, it should be noted that lasing always occurs by even order azimuthal modes in actual microdisk lasers so that the scattering loss of the mode at the edge of the posts, which support the microdisk and have a square cross-section, is minimized [12] . Therefore, an increase in radius of over 20% is required to change the mode order to for a larger factor. However, such a large increase in radius causes a high threshold current. Thus, we can say that the enhancement of without changing the radius and the azimuthal order is a unique advantage of the microgear.
The confinement factor is evaluated as the ratio of the mode energy in the cavity to that in the analytical space. Corresponding to the previous discussion, , while . Due to the difference in and in , the mode will be selected as the lasing mode and the mode the nonlasing mode. Since the effective orbital length of the mode is also changed by the different field spreading, the resonant wavelength is 1.628 m and is 1.684 m. In this case, the mode spacing is as large as 56 nm.
VI. DEPENDENCE ON GRATING DEPTH Fig. 6(a) shows the dependence of the factor on the grating depth . We use the word "depth" as is usually used for gratings, although our model assumes projections added to the basic cavity.
is increased and decreased for nm and for nm, respectively. However, it is always larger than that without the grating for the same reason, as explained in Section V. The decrease is considered to be due to the large spreading of the mode fields outside the cavity and the concomitant increase in diffraction loss.
simply decreases with , since both fields are spreading to outside the cavity. Fig. 6(b) shows the dependence of the ratio and on the depth . For , which ensures that the efficiency and , requires that nm. However, this requirement will be relieved by considering the confinement factor to be lower than . Fig . 7 shows the dependence of the resonant wavelength on the depth . For the mode, rapidly increases and saturates for nm and for nm, respectively. This can also be explained by the behavior of the effective orbital length and the optical confinement. For a shallow grating, the orbital length is expanded, while strong optical confinement is maintained at the grating and the effective modal index is rather increased. These lead to a longer . For a deeper grating, the confinement is weakened and the effective index is decreased, and this compensates for the effect of the long orbital length. Thus, the change of is saturated. On the other hand, for the mode exhibits a simple increase, since the expansion of the orbital length is much faster than the decrease in optical confinement and effective modal index.
For nm, the space between and is over 50 nm. As shown in [6] , the factor of a mode detuned from the spontaneous emission peak to a longer wavelength decays exponentially. If the space is larger than 50 nm, the factor of the nonlasing mode will be one-fourth or smaller than the maximum value. The material gain for such a longer wavelength nonlasing mode will also be smaller. These effects enhance the suppression of the spontaneous and stimulated emission of the nonlasing mode in the microgear.
By the way, one may be concerned about the increase in surface recombination at the complex edge profile of the microgear, when the grating is deep. Considering the sidewall surface of the grating, surface recombination in the microgear with nm is estimated to be twice that for the basic cavity. Still, this is not serious for the 1.55-m GaInAsP system because of its low surface recombination velocity ( cm/s). The rate equation analysis [11] indicates a 30% increase in threshold due to this effect. However, this increase is fully compensated for by the enhancement of the factor in the microgear. In addition, we have reported the effective reduction in surface recombination of GaInAsP by the CH plasma irradiation [19] . We expect this method to solve the problem of the microgear.
VII. CONCLUSION
Using a microgear cavity having a grating that matches the standing wave of the WG mode, the spontaneous and stimulated emission associated with different orders and phase modes are suppressed, and stable single-mode operation is expected. In addition, the factor of the lasing mode is enhanced by the well-balanced confinement of the electric and magnetic fields of the WG mode. A deeper grating suppresses the different phase modes more efficiently.
Besides these, we expect this structure to solve another more realistic problem, i.e., the random roughness at cavity sidewalls, which is caused during the fabrication process. It will be reduced by intentionally introducing corrugated patterns of the microgear. This is also very effective for improving the laser performance, since sidewall roughness is one of the crucial factors that determine the cavity loss in these devices [11] .
